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The electronic structure of the single molecule magnet system {M[Fe(L^)2]3}-4CHCl3 (M — Fe, 
Cr ; = CH3N(CH2CH20)2^") has been studied using X-ray photoelectron spectroscopy, X-ray 
absorption spectroscopy, soft X-ray emission spectroscopy, as well as theoretical density functional- 
based methods. There is good agreement between theoretical calculations and experimental data. 
The valence band mainly consists of three bands between 2 eV and 30 eV. Both theory and ex- 
periments show that the top of the valence band is dominated by the hybridization between Fe 3d 
and O 2p bands. From the shape of the Fe 2p spectra it is argued that Fe in the molecule is most 
likely in the 2+ charge state. Its neighboring atoms (O, N) exhibit a magnetic polarisation yielding 
effective spin S—5/2 per iron atom, giving a high spin state molecule with a total S=5 effective spin 
for the case of M = Fe. 

PACS numbers: 75.50.Xx, 31.15.Ar, 33.20.Rm, 33.60.Fy 



I. INTRODUCTION 



In the quest for molecular magnets which might be 
useful for practical applications such as ultradense mag- 
netic storage^, quantum computing^, or other interest- 
ing devices^, one finds at times molecules which com- 
bine structural beauty, promising chemistry for further 
development, non-trivial physics and practically inter- 
esting properties (intramolecular exchange interactions, 
magnetic anisotropy). Such new molecular materials of- 
ten arise from metal-organic synthesis, which is the main 
driving force in studies of molecular magnets (see, e.g., 
the monograph by Kahn4, or Refs i i-i i"i~ i for recent re- 
views). The present work is devoted to one such sys- 
tem, known as "ferric star" , which is simple enough to 
allow an accurate study of its electronic structure, yet far 
from trivial for what regards its chemical manipulation 
(crystallization with different ligands) and physical treat- 
ment (e.g., deposition on surfaces). The synthesis of mag- 
netic molecules with the formula {A/[Fe(L^)2]3}-4CHCl3, 
where = CH3N(CH2CH20)2^^ is an organic ligand 



and M is Fe or Cr, has been described by Saalfrank et 
al.^ (compounds 11 and 12 of this paper). Previous ba- 
sic magnetochemical investigations of the "ferric star"— 
indicate that the three spins of peripheral Fe ions 

at the star edges couple with an antiparallel orientation 
to the central ion, yielding (for M — Fe) the magnetic 
ground state of 5=5. In the present work we attempt 
to clarify the electronic structure, as it emerges from a 
combined spectroscopic study and first-principles calcu- 
lations. 

Specifically, we probe core-level excitations of the fer- 
ric star at the L and other edges by several core spectro- 
scopies, namely near-edge X-ray absorption spectroscopy 
(NEXAS), resonant inelastic X-ray scattering (RIXS) 
and X-ray photoemission spectroscopy (XPS). The elec- 
tronic structure calculations were done from first prin- 
ciples within the density functional theory. The spectra 
give insight into the distribution of energy-resolved state 
densities within the valence band, which reveal the M 3d 
- O 2p hybridization, and into charge states of transition 
metal (TM) atoms. The calculations give estimates of 
local magnetic moments, spatial distribution of the spin 
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FIG. 1: Single "ferric star" molecule in the top view (left) and side view of the molecules packed in the crystal structure with 
chloroform (right). Hydrogen atoms are omitted, and carbon chains are shown as wireframe. 



density, and of magnetic interaction parameters. 

The paper is organized as follows. In Sec. ^ we sum- 
marize present knowledge of the crystal structure and 
basic magnetic properties. Sec. IIIII gives technical de- 
tails of the spectroscopy measurements, and of the first- 
principles electronic structure calculations. The discus- 
sion of results and comparison with the calculations is 
done in Sec. IIVI 



II. STRUCTURE AND MAGNETIC 
PROPERTIES 

The samples for our present spectroscopy study, as well 
as the crystallographic data used in electronic structure 
calculations, originate from the the Institute of Organic 
Chemistry of the University of Erlangen - Niirnbergl. 
The precise chemical formula of the compound in ques- 
tion is {M[Fe(Li)2]3}-4CHCl3, where M is Fe or Cr in 
the present study. In the following we refer to these sys- 
tems as FeFes and CrFea-stars. The structure of a single 
molecule derived from crystal structure analysis can be 
seen in the left panel of Fig. ^ while the spatial packing 
of the molecules crystallized from chloroform is shown in 
the right panel. The central iron ion is linked via two /i2- 
alkoxo bridges from each of the three terminal building 
blocks [Fe(L^)2]^. The peripheral iron centers are octa- 
hedrally coordinated through two N-, fJ-iO-, and /Z20~ 
donors. All four iron ions are located in a plane, with 
Fe-Fe-Fe angles of about 120°. As known from the liter- 
ature, similar types of ferric stars with the FcFca- frame- 
work can be synthesized using different ligands like dipi- 
valoylmethane (Hdpm) in combination with methanolate 
or 1,1,1 - tris(hydroxymethyl)ehane (Hathme), yield- 
ing respectively [Fe4(OMe)6(dpm)6]^ or [Fe4(thme)26]^- 
The chemistry of {M[Fe(Li)2]3}-4CHCl3 has certain sim- 



ilarities with that of "ferric wheels"—, which have the 
same ligands and a similar (nearly octahedral) coordina- 
tion of the Fe ions. A relation between the two systems is 
demonstrated by the fact that adding two equivalents of 
iron (III) chloride to [M{Fe(L^)2}3] produces the known 
"ferric wheel" with a metallacrown structure as the fi- 
nal product-S-. As in these latter compounds which we 
have studied earlier^^-*Aa,, the spins 5=5/2 of Fe ions tend 
to couple antiparallel. Contrary to "ferric wheels" with 
even numbers of Fe atoms, which have zero spin in the 
ground state, in the "ferric star" the antiparallel coupling 
of three outer Fe spins to the central one results in a net 
ground-state spin 5* = 3x5/2—5/2 = 5. For the magnetic 
anisotropy, the effective Hamiltonian of which can be con- 
ventionally written in the form H = DS^ + E{S'^ — Sy) in 
terms of the cumulative spin of the molecule, the axial pa- 
rameter D is -0.20 cm^i (-0.29 K) from the high field 
electron spin resonance experimentsSii^. The absolute 
value of E (the sign may depend on the definition) was 
predicted by Kortus to be 0.064 K from a first-principle 
calculatiorki^, and later estimated as 0.056 K in experi- 
ments by Miiller et alm^. 



It has been recently demonstrated that Fe in "ferric 
star" can be substituted by other 3d ions. In the present 
work we study the spectroscopy of Cr-doped "stars" . The 
accuracy of the amount and position of the substitu- 
tion has not yet been unambiguously established. For 
ab initio calculations we assumed the substitution in the 
central position, in an otherwise unchanged geometry. 
A more systematic theoretical analysis of the electronic 
structure of "ferric wheels" with substitution by different 
ions in different positions will be reported elsewhera^i. 
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III. EXPERIMENTAL AND CALCULATION 
DETAILS 

The XPS measurements were performed using a PHI 
Model 5600ci MultiTechnique system in the Dept. of 
Physics, University of Osnabriick. The AlKa radiation 
was monochromatizcd by a double focusing monochro- 
mator and the pressure during the measurements was 
typically 10~^ mbar. The total energy resolution, as de- 
termined at the Fermi level of a gold foil, was 0.3-0.4 
eV. The resolution of the electron energy analyzer was 
80 meV. The samples were insulating, so charge neu- 
trality on the surface was achieved using a low energy 
electron flood gun. The recording time of the presented 
spectra was less than 10 h. The NEXAFS and RIXS 
measurements where carried out at the BACH beamline 
of the synchrotron radiation facility in Trieste, using the 
COMIXS spectrometeri^. 

Normal X-ray emission spectroscopy was performed 
also at the ROSA beamline at the BESSY II Syn- 
chrotron facility in Berlin, using the undulator based 
beamline ID 12-2, and the rotatable spectrometer appara- 
tus (ROSA) at BESSY II, Berlin. The excitation energies 
were set to 750 eV for the Fe L edge, to 420 eV for the N 
K edge, and to 600 eV for the O K edge. The overall res- 
olution (beamline plus spectrometer) was set to around 
1 eV. 

For X-ray photoemission spectroscopy, emitted elec- 
tron energies were calibrated to the C Is line from CH2- 
CH2-OS£. For X-ray absorption the resolution was set to 
0.3 eV and for emission to 0.7 eV. The emitted photon 
energies at the iron edge were calibrated to the Fe metal 
La normal emission maximum at 705 eV and at the oxy- 
gen K edge to the emission from MgO at 525 eV. The 
pressure during the measurements was 10~^ mbar. 

The X-ray photoelectron spectra were recorded of Fe 
(3s, 2p), C Is, O Is, and N Is core levels. The main peaks 
of the Fe3s spectra of the "ferric star" were fitted with 
a Voigt function^"'^., by constraining the Gaussian width 
to a value of 0.6 eV. The background was simulated by 
a Tougaard functionS^, and subtracted from the spectra. 

The electronic structure of the "ferric stars" was cal- 
culated from first principles within the density func- 
tional theory, using the calculation method and com- 
puter code SiESTA^iSiS^. The method uses norm- 
conserving pseudopotentials in combination with atom- 
centered strictly confined numerical basis functiongSSiSi. 
The basis set included double-^ functions with polar- 
ization orbitals added for Fe and O. The treatment 
of exchange-correlation was done according to the gen- 
eralized gradient approximation after Perdew-Burke- 
Ernzerhof^®. 

The sing le molecular unit {M[Fe(Li)2]3} was put into 
a simulation cell of size 22x22x18 A, over which the 
fast Fourier transform of the charge density has been 
done with the cutoff 260 Ry. This corresponds to 
216x216x180 divisions along the simulation cell edges, 
and was tested to be sufficient to obtain converged energy 



differences between different magnetic configurations. A 
discrete energy spectrum was broadened in the following 
figures with the halfwidth parameter of 0.1 eV in order 
to get a continuous density of states (DOS). The calcu- 
lation can be converged to both the fcrrimagnetic con- 
figuration (the ground state) and the antiferromagnetic 
configuration (with the spin of one of the outer Fe atoms 
set parallel to the central one), which is 0.13 eV higher 
in energy. 

IV. ELECTRONIC STRUCTURE AND CHARGE 
STATE OF Fe 

We start with a discussion of electronic structure of 
the "ferric star" by comparing the spectroscopic data 
concerning the valence band and first-principles calcu- 
lations. The XPS spectrum of the valence band is shown 
in Fig. 12 along with the element-selective X-ray emission 
spectra of Fe, O, and N. The emission spectra in Fig. [21 
correspond to normal non-resonant fluorescence^S,. Tak- 
ing into account the binding energies of the corresponding 
core levels from the XPS (710.76 eV for Fe 2^3/2, 531.96 
eV for O Is, 400.76 eV for N Is), the emission spectra 
were brought to a common energy scale with the valence- 
band XPS, and they are plotted in Fig. |21 This helps to 
identify the origin of pronounced features in the valence 
band. The peak at 6 eV binding energy is mostly due to 
Fe 3c?4s states, but the O 2p states contribute in about 
the same region (from ~7 eV to higher binding energy). 
The N 2p states are located significantly deeper, forming 
a broad band centered at about 9 eV binding energy. 

These experimental observations are consistent with 
the results of first-principle calculations, which produce 
the DOS (summed over both spin directions) as shown 
in Fig. 131 The top panel depicts the total DOS (summed 
over both spin directions) in the ground state. Zero en- 
ergy separates occupied and vacant states. One finds sev- 
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FIG. 2: Valence-band X-ray photoelectron spectrum of the 
Fe- "ferric star" and X-ray emission spectra of O, N, and Fe. 
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FIG. 3: Top panel: calculated total density of states of the 
Fe- "ferric star" and local Fe3d density of states (shaded area). 
Bottom panel: local densities of occupied 02p, FeSd and N2p 
states, additionally convoluted with a Lorentzian function of 
1.6 eV halfwidth. See text for details. 



eral bands, which are derived from the C, N, and O 2s 
and 2p levels. The lowest compact group of bands around 
—20 eV is almost exclusively related to O 2s states. The 
region around the "chemical potential" {E=0) hosts Fe 
3d states (shown shaded in the figure), which are strongly 
spin-split (see the discussion below) and strongly hy- 
bridize with the O 2p states. There is a "band gap" 
of «0.95 eV between the highest occupied and the lowest 
unoccupied molecular orbitals, both being of mostly Fe 
3d-0 2p character in the majority-spin channel (marked 
spin-down in the following spin-resolved plot). The states 
with the energies from —16 to —6 eV are all a mixture of 
different orbitals forming covalent bonds and involving C 
2s,2p and N 2s, 2p states. 

The bottom panel of Fig.Hshows Fe 3d, N 2p and O 2p 
contributions, summed up over atoms of the same kind 
in different positions in the molecule, and over both spin 
directions; moreover an additional broadening was intro- 



duced to yield a more straightforward comparison with 
the experimental XES of Fig. |21 Indeed these three par- 
tial DOS roughly span the states probed by the emission 
spectra, therefore the comparison is complicated by the 
lack of structure in the experimental spectra. One no- 
tices however a markedly lower energy and much larger 
width of the N spectrum as compared to other two, in 
both experiment and theory. The broadness of the N 
spectrum indicates the participation of N 2p states in a 
number of molecular orbitals, overlapping with C 2s,2p 
states throughout the molecule. 

Spin-resolved DOS for the atoms in which the spin 
splitting is pronounced are shown in Fig. ^ A corre- 
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FIG. 4: Spin-resolved local densities of states of two inequiva- 
lent Fe sites and some their nearest neighbors. The numbering 
of atoms in the relevant fragment of "ferric star" is shown in 
the inset. 
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spending part of the molecule is shown in the inset, with 
the numbering of atoms. The central atom Fe#l, which 
has the bridge oxygen atoms (#27) as its only neigh- 
bors, carries a magnetic moment of 3.95 /is- The outer 
Fe atoms (#2) in the ground state are magnetized oppo- 
sitely to the central one, with magnetic moments of —3.93 
/ie, and have a different environment, including two N 
atoms and two 0#35. The latter are markedly magne- 
tized, to —0.26 /is- The bridge oxygen atoms have a 
negligible net magnetic moment, but a marked local spin 
density which changes sign along the path from Fe#l 
to 0#27 to Fe#2. The induced magnetization at the 
oxygen atoms adds to the nominal spin moment associ- 
ated with each Fe atom. The "local" moment of ^4 /is, 
which is associated with Fe3d states only, should be in- 
creased to ^5 /^B if one discusses a distributed magnetic 
moment, which in part resides over the ligands, and fol- 
lows the magnetization flips of its central Fe atom if they 
occur. Hence, it is a "well-behaved" rigid moment in the 
sense that the Heisenberg model, or another model deal- 
ing with well defined spins, may be applied to it. These 
observations about the local DOS, induced magnetiza- 
tions of ligands, and a delocalized but rigid spin moment 
associated with each Fe site are quite similar to what has 
been reported earlier for "ferric wheels" , a chemically and 
structurally related class of molecular magnetsiSii^. 

It is essential to emphasize that bulk techniques (mag- 
netization, magnetic susceptibility) probe the effective 
spin value, however without addressing its localization. 
The issue of localization - whether the spin 5=5 relates 
strictly to the Fe ion only or extends over ligands - is 
related to that of nominal valence. Fe^+ presumes the 
maximum-spin id^d'^^ configuration, whereas Fe^+ corre- 
sponds to the local magnetic moment of 4 /^b ■ Core- level 
spectroscopy, being an element-sensitive method, may 
permit one to distinguish between these two cases. 
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FIG. 5: Fe2p photoelectron spectrum of the Fe- "ferric star" 
in comparison with those of FeO (definitely Fe^^) and LiFe02 
(definitely Fe'^"''). The features (A) and (B) are discussed in 
the text. 




110 105 100 95 90 



Binding Energy (eV) 

FIG. 6: Fe3s photoelectron spectrum of the Fe- "ferric star" 
in comparison with those of FeO (definitely Fe^+) and LiFe02 
(definitely Fe^+). The features (a), (b), (c) and (d) are dis- 
cussed in the text. 



Fig. depicts the 2p3/2 and 2pi/2 photoelectron spec- 
tra of the "ferric star" along with those of two bench- 
mark compounds, of well-known Fe^"*" and Fe^+ valence: 
FeO, similar to what was earlier discussed in ref.'^" and 
LiFeOa^, respectively. Characteristic ligand-to-metal 
charge-transfer effects are present in the Fe 2p spectra 
of the Fe " ferric star" , as well as in the spectra of FeO 
and LiFe02, yet there are some dissimilarities between 
these two reference systems. The relative positions and 
widths of the peaks due to the final state with charge 
transfer 2p^3d"^^L (A) and that without charge transfer 
2p^3d"L (B) in the spectrum of "ferric star" is similar to 
that of the FeO which indicates the Fe^^ valence state. 

The 3s core-level photoelectron spectra of the "ferric 
star" , again in comparison with those of FeO and LiFe02, 
are shown in Fig. The spectrum of the "ferric star" 
consists of two well separated peaks (o) and (c), accord- 
ing to whether the spin of the emitted 3s core electron 
is parallel or antiparallel to that of the 3d shell. Each of 
these peaks has a satellite denoted with (6) and {d) , satel- 
lites which were assigned by Sangaletti and Pamigiani^ 
in the case of FeO to charge transfer excitations, with 
corresponding peaks labelled a', 6', c' and d' . 

In LiFe02 the charge transfer is not prominent, there- 
fore the fitting was done using two peaks only. The split- 
ting is proportional to the number of unpaired d electrons 
and hence to total spin S] the predicted relative inten- 
sities are given by the relation S/{S + 1)^. The value 
of the Fe 3s splitting in the case of the "ferric star" is 
about 5.10 eV, to be compared to 5.5 eV in FeO and 6.5 
eV in LiFe02. We conclude that a nominal valence Fe^"*" 
is more plausible in the "ferric star" . 
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V. RESONANT X-RAY EMISSION IN PURE 
AND Cr-DOPED FERRIC STARS 

We turn now to the comparative analysis of pure and 
Cr-doped systems. The Cr substitution site is not un- 
ambiguously determined by experiment, whereas recent 
first-principle calculations presume that it must be the 
central ona^. The valence-band XPS and Fe L-emission 
spectra are very similar in both systems, and Cr-related 
features cannot be resolved. However, certain differences 
were found when analyzing resonant X-ray emission, see 
Figs. □ and m Panel (a) of Fig. depicts the NEXAFS 
spectrum of the "ferric star" with Af=Fe, covering the 
Fe L2,3 edges. The peak at about 709 eV corresponds to 
the (I/3) excitations from the Fe 2^3/2 core state into the 
unoccupied 3d band, and the second one at about 721 
eV corresponds to those (L2) from the Fe 2pi/2 state. 
The asymmetry seen in the first structure is very simi- 
lar to that observed for FeO, which has been explained 
in terms of many overlapping multiplets^. When com- 
paring this two-peaked structure with the XPS, we note 
that here the L2-L3 splitting is 12.73 eV, i.e. less than 
the spin-orbit splitting of the Fe2p states determined by 
XPS (14 cV). The reason for the discrepancy is that the 
both the XPS and absorption spectra consist of many 
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FIG. 7: Near-edge X-ray absorption Fe L2.3 spectrum (a) and 
resonant inelastic X-ray Fe L3 emission spectra (b) of the Fe- 
"ferric star" for four selected excitation energies, which are 
also shown in the bottom panel as vertical bars. See text for 
details. 



multiplets, but these multiplets are different for the ionic 
(XPS) and neutral (absorption) final states, and there- 
fore have different splittings. Panel (b) of Fig. [3 shows 
the X-ray emission spectra at the L3 edge, obtained for 
four different incident photon energies: 719.02, 719.25, 
720, and 720.9 eV. Their positions at the threshold and 
on the top of the L2 edge are indicated in the panel with 
the absorption spectrum. 

In RIXS, a 2p^CB (CB: conduction band) excitation 
is followed by a VB^2p (VB: valence band) X-ray emis- 
sion; both events are normally treated as a single joint 
process. As the excitation energy is gradually increased, 
on reaching the L3 absorption threshold the La emis- 
sion (3d— > 2^3/2) becomes possible. As the incident pho- 
ton energy approaches the L2 threshold, the emission 
(3d— >2pi/2) appears as well. The La emission persists, 
as an off-resonance scattering process (creation and an- 
nihilation of a 2p3/2 hole), but also possible by a Coster- 
Kronig process. In the latter, an initial 2pi/2 hole is filled 
due to a radiationless 2p^/2~^'2pi/2 transition, and the 
resulting 2^3/2 hole is filled by La emission. These dif- 
ferent mechanisms affect the La/Lp intensity ratio as a 
function of the excitation energy. We note that the FeFe3 
and CrFe3 stars, in spite of many similarities in their FeL 
spectra, behave markedly differently in what regards the 
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FIG. 8: Near-edge X-ray absorption Fe L2,3 spectrum (a) and 
resonant inelastic X-ray Fe L3 emission spectra (b) of the Cr- 
"ferric star" for four selected excitation energies, which are 
also shown in the bottom panel as vertical bars. See text for 
details. 
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La/Lp intensity ratio on passing through the L2 reso- 
nance excitation. In Fig. [7{b) we observe that at the 
maximum of the absorption resonance, the intensity 
is higher than that of La- We wiU see that this behavior 
is different from the La/Lp intensity ratio which occurs 
in the case of Cr substitution in the " ferric star" . 

Fig. IHIa) depicts the NEXAFS at the Fe L2,3 edge for 
the Cr-doped sample, and Fig. |HJb) - the X-ray emis- 
sion spectra, taken at the resonance energies 718.3, 719, 
719.6 and 720.4 eV, from the onset to the maximum of 
the L2 absorption. The intensity of the Lp emission 
first grows and then remains constant, relative to that 
of La- The same behavior has been observed and dis- 
cussed for the case of FeO, in contrast to (non-magnetic) 
FeS2, by Prince et alm^. Another example of such be- 
havior was reported for Mn L RIXS spectra in Heusler 
alloys^^. The interpretation of results in these papers re- 
lated the La/L/s intensity to the high-spin state of Fe or 
Mn. More specifically, the importance of having an elec- 
tronic structure with the majority-spin band occupied 
and the minority-spin band empty was emphasized. In 
this case a sequence of two processes, which may involve 
a Coster-Kronig transition as an intermediate step - an 
electron excitation into the CB and filling of the core hole 
by an electron from the VB - cannot occur except with 
the inversion of spin, which is a low-probability event. On 
the contrary, the electron excitation into the CB and an 
immediate fluorescence transition, which is a resonance 
process, remains allowed and explains the dominance of 
the Lf} emission on L2 excitation. 

It is known that Coster-Kronig transition rates are also 
affected by chemical environment. For example in the 
case of Te^^, changing the chemical environment dras- 
tically from metallic to oxides to organometallic com- 
pounds produced a variation of 23 % in the ratio of the 
widths of the 3p3/2 to 3pi/2 peaks. In the present case, 
the chemical environment is very similar so we expect 
small chemical effects. However the La/Lp branching 
ratio changes by 2, which is a large effect simillar to that 
in2i where the changes was nearly a factor of 3. We there- 
fore correlated the large change observed to changes in 
magnetic properties. 

Fig. 2] makes clear that the local Fe DOS in the "fer- 
ric star" looks like that in a strong magnet, with the 
majority-spin band fully occupied, and only a small con- 
tribution (due to hybridization with O 2p states) present 
in the occupied part of the minority-spin channel. There- 
fore the RIXS spectra in the FeFcs-star can be explained 
consistently with that in FeO or in Heusler alloys. The 
situation with the CrFea-star, as is seen from the cal- 
culated local DOS shown in Fig. |51 is different: whereas 
the Fe local DOS (of the peripheral atoms, compare to 
Fig.^ is identical to that in the FeFea-star, the majority- 
spin states centered at the Cr site are not fully occu- 
pied. Moreover the lowest unoccupied states appear in 
the majority-spin channel. Therefore the absorption- 
emission processes involving the Cr 3d states may happen 
without the inversion of spin^^. However, we admit that 
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FIG. 9: Spin-resolved local densities of states of Cr, Fe and 
the bridging oxygen in the CrFes-star, to be compared to 
Fig.Bl 



it is difficult to understand how this fact helps to reduce 
an apparent blocking of the Coster-Kronig transitions at 
the Fe site. Some clue may be provided by considering 
the bridging oxygen atoms (#27 of Fig. 0)): whereas in 
the FeFcs-star the magnetization density changes its sign 
exactly at the bridging O, in the CrFea-star this oxygen 
atom is fully magnetized along with its Fe neighbor, and 
oppositely to Cr. One can speculate that the matrix ele- 
ments of the core-valence transitions, which include dif- 
ferently composed molecular orbitals in the valence band 
of FeFea- and CrFea-stars, may affect relative weights of 
La and Lfj emission. This is however difficult to estimate 
without an explicit calculation of the RIXS process. 

We can, with relative certainty, eliminate the following 
other hypothetical explanations of a different behavior in 
the La/Lp intensity ratio of the CrFcs-star. A possibil- 
ity of a low-spin state is ruled out by the calculation re- 
sult that in all trial spin-polarized calculations, the local 
magnetic moments remained essentially fixed to ~3 /ib 
at the Cr site and «4 /ie at Fe sites. There is no way to 
"prepare" the system with a low-spin state of either Cr, 
or Faii. All inversions of individual local moments from 
the ground state, including the situation with the lowest 
total magnetic moment of 2 /ib in the Cr|Fe|FexFe| star, 
preserve the "strong magnetism" at the Fe site and the 
partial emptiness of the majority-spin states at the Cr 
site, with strong similarities of their corresponding DOS 
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to those shown in Figs. 01 and |^ Also the assumed Cr 
substitution in the peripheral position (highly energeti- 
cally unfavorable, as was mentioned above) affected the 
magnetic moments and local DOS only slightly. An addi- 
tional inclusion of on-site intraatomic Coulomb correla- 
tion beyond the conventional DFT treatment may affect 
the energy placements of 3c? levels in the Cr and Fe DOS, 
but it can only enhance the "strong magnetism" at the 
Fe site rather than ease it, in the presence of Cr dopant. 

Therefore the understanding of L^jL^ behavior in the 
CrFca-star is incomplete on the basis of DFT calcula- 
tions, whereas an explanation of the behavior in FeFea- 
star seems rather obvious, and consistent with the ob- 
served trendSi for FeO, as compared to FeS2. We can 
only emphasize the observed difference in RIXS spectra 
of FeFe3- and CrFea-stars as an experimental finding, 
which might stimulate additional research on these sys- 
tems. 



VI. CONCLUSIONS 

We have reported photoemission and photoabsorption 
spectra of {M[Fe(Li)2]3}- 4CHCI3 (M = Fe, Cr) in com- 
parison with first-principles electronic structure calcula- 
tions. First we determined the charge state of Fe in these 
"ferric stars" , in view of an existing controversy between 
the expected nominal chemical valence (Fe III) , from one 
side, and the calculated value of the Fe local magnetic 
moment (4 /ie), that would imply a bivalent iron, from 
the other side. On the basis of a comparison of the Fe 
2p and 3s photoelectron spectra with those of reference 
compounds, the charge state of Fe in the FeFea-star was 
argued to be 2+. The valence-band X-ray photoelectron 



spectrum and the X-ray FeL, O and Nif emission spectra 
show little structure but are otherwise in agreement with 
DFT calculations. In the FeFea- and CrFea-stars, the 
La/ Lfj intensity ratio in resonant X-ray emission, varies 
according to the excitation energy on going through the 
Fe L2 threshold. The trend observed in the FeFea-star 
is similar to that earlier reported by Yablonskikh et al. 
and Prince et al, and believed to be a signature of "high- 
spin" structures, or more precisely of strong magnetic 
systems, like e.g. FeO or Heusler alloys. The explana- 
tion of this behavior is consistent with the assumption 
that the Coster-Kronig process probability is suppressed 
in strong magnets. The DFT calculation does indeed 
support an assumption of such strong magnetic behavior 
in the FeFca-star. However, the CrFca-star does not show 
such a trend in the La/ Lp intensity, even though the lo- 
cal electronic structure at the Fe site remains largely the 
same as in the FeFea-star, and the loss of strong magnetic 
character appears confined to the Cr center. 
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